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@ Rapidly tunable windeband integrated optical filter. 

(57) A monolith ically integrated wideband optical 
filter which is rapidly tunable to a large number 
of optical frequencies over a wide optical fre- 
quency range comprises two series connected 
optical filters of different resolutions formed in 
a semiconductive wafer. A control circuit ap- 
plies electrical energy to predetermined con- 
trol I ably transmissrve waveguides connecting 
components of the filters defined in the wafer. 
This tunes the overall filter to a desired one of a 
plurality of optical frequencies. Application of 
such electrical energy creates frequency selec- 
tive pathways through the wafer able to pass 
one of up to hundreds of selected optical fre- 
quencies over the entire bandwidth of a semi- 
conductive medium. This filter is economical to 
construct and is useful in high capacity, high 
speed optical communications networks. 
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Technical Field 

This invention relates to optical communications 
systems. More particularly, this invention relates to 
filters used in optical communications systems. 

Background of the Invention 

The capacity and speed of communications sys- 
tems may be increased by transmitting information in 
optical form over networks composed of optically 
transmissive nodes, fibers, waveguides, and the like. 
High capacity optical communications systems re- 
quire that many optical signals be frequency division 
multiplexed in the components of an optical network. 
This requires that there be a way of conveniently de- 
tecting a single electromagnetic frequency and sep- 
arating it from a plurality of multiplexed electromag- 
netic frequencies. An ideal device for detecting a sin- 
gle optical frequency and separating it from a plural- 
ity of multiplexed frequencies is a frequency selec- 
tive optical filter. Until now, there has been no con- 
venient approach to creating a suitable optical filter 
tunable to a large number of optical frequencies. The 
performance of prior filters has been limited in terms 
of tuning speed, frequency selectivity, or tuning 
range. All of these prior devices also have been ex- 
pensive to implement. 

SUMMARY 

Our copending application (herein referred to as 
Glance 22) entitled Rapidly Tunable Integrated Opti- 
cal Filter describes a rapidly tunable optical filter fab- 
ricated with wide gain bandwidth photonic integrated 
circuitry. The filter described in the application uses 
1xN frequency routing devices such as the multiplex- 
er/demultiplexer devices described in U.S. Patents 
5,002,350 and 5,1 36,671 . This f i Iter is rapidly tunable 
to up to N discrete optical frequencies, where N is the 
number of branches of the frequency routers used in 
the filter. 

We have found that the number of discrete fre- 
quencies to which a filter using frequency routing de- 
vices may be dramatically increased by utilizing the 
periodic routing properties of the frequency routing 
devices like the ones described in the patents men- 
tioned above. For example, the number of discrete 
frequencies to which such a filter may be tuned may 
be up to N 2 . A filter in accordance with this invention 
thus will be able to detect optical frequencies ranging 
across the entire bandwidth of the semiconductor ma- 
terial used in photonic communications networks. A 
filter in accordance with this invention will also avoid 
the possibility of tuning to multiple indistinguishable 
frequencies separated by a free spectral region de- 
fined by the characteristics of the frequency routing 
devices used in the filter. 



In one example of this invention, a wideband filter 
takes advantage of the periodic routing properties of 
frequency routing devices to provide detection of a 
set of discrete frequencies equal to the square of the 
5 number of branches associated with the frequency 
routing devices. Such frequency routing devices of 
modest size can be used to build optical filters tuna- 
ble to hundreds of frequencies. Each of these filters 
may comprise two cascaded optical f ilters construct- 
to ed in accordance with the principles of Glance 22. 

One of the filters is a high resolution filter and the 
other of the filters is a low resolution filter. Each filter 
comprises two 1xN frequency routing devices con- 
nected in series by their N branches. An active sec- 
ts tion, integrated into each of these N branches, is used 
selectively as either an optical amplifier or a gate. Ac- 
tivation of selected ones of these sections provides 
a frequency selective route between the in put and the 
output of the filter. 
20 The first filter yields high resolution passbands; 

the second filter yields low resolution passbands 
each overlapping one of a group of periodic sets of N 
high resolution passbands created by the first filter. 
Activation of predetermined ones of the optical anv 
25 plif iers selects a particular high resolution passband 
between an input and an output of the wideband filter 
in accordance with this invention. Any of N 2 consec- 
utive high resolution passbands AF wide can be se- 
lected over a tuning bandwidth N 2 AF, which may en- 
30 compass the entire bandwidth of semiconductive ma- 
teria] used in photonic communications networks. 

Tuning of the filter may be done digitally by gating 
predetermined active sections by using an electrical 
switch to apply bias current to those predetermined 
35 sections. The filter is insensitive to the level of bias 
current supplied to the gates and thus can be expect- 
ed to be very stable. Switching between frequencies 
can be potentially made at nanosecond speeds by us- 
ing fast electrical switches. 

40 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram of an example of a wideband 
tunable filter in accordance with this invention. 

45 FIG. 2 is a diagram illustrating the details of the 

frequency routing devices shown in FIG. 1. 

FIG. 3 shows the frequency characteristics of the 
high resolution filter and the low resolution filter 
shown in FIG. 1 . 

so FIG. 4 illustrates a representative relationship 

between a low resolution passband and a high reso- 
lution passband to which the two filters in FIG. 1 must 
be respectively tuned so that the device of FIG. 1 is 
sensitive to a particular frequency F g which falls with- 

55 in both passbands. 
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DETAILED DESCRIPTION 

FIG. 1 shows an example of an optical filter which 
is rapidly tunable over a wide frequency range. It is 
composed of a high resolution optical filter and a low 5 
resolution optical filter both containing integrated fre- 
quency routing devices. It is also composed of a num- 
ber of waveguides for carrying optica! signals and a 
number of optically active sections for providing opt- 
ical amplification. These structures may be monolith- 10 
ically integrated on a semiconductive wafer. They 
may be created by means of known photolithographic 
techniques. 

FIG. 1 illustrates a wafer 1 0 made of a semicon- 
ductive material such as an indium phosphide mate- 15 
rial such as InGaAsP. A 1xN frequency routing device 
12 may receive N multiplexed input optical frequen- 
cies F 1f F 2f .... F N on a single input waveguide 14 de- 
fined on the wafer 10. The frequency routing device 
1 2 demultiplexes the input optical frequencies and di- 20 
rects each one of those frequencies into a separate 
output waveguide connected to the output of the fre- 
quency routing device 12. Specifically, frequency F-j 
is directed to the output waveguide 16 1t frequency F 2 
is directed to the output waveguide 1 62, and so on up 25 
to frequency F N which is directed to output waveguide 
16 N . Each of the output waveguides 16 1f 16* 16 N 
is directed to the input of a doped section of wave- 
guide with controllable optical transmissivity. Specif- 
ically in FIG. 1, an output waveguide 16, is directed 30 
to the input of an optically active section 1 8 1f an out- 
put waveguide 16 2 is directed to the input of an opti- 
cally active section 182, and so on up to an output wa- 
veguide 1 6 N directed to the input of an optically active 
section 18 N . 35 

The outputs of the active sections 18 1( 18 2 , 
18 N are connected to respective input waveguides 
20 1f 20 2 , .... 20 N of a Nxl output frequency router 22. 
The frequency router 22 will multiplex the single fre- 
quencies appearing on the N input waveguides onto 40 
a single output waveguide 24, if all of the active sec- 
tions between the input router 12 and the output rout- 
er 22 are activated with electrical energy. If only one 
of the active sections is stimulated with electrical en- 
ergy, then only the frequency flowing in that activated 45 
section will appear on the output waveguide 24. The 
device shown in FIG. 1 thus acts as an optical filter 
for the multiplexed input frequencies appearing on 
waveguide 14 when appropriate active sections are 
stimulated. Accordingly, a digital gate control circuit so 
26 is provided for the structure of FIG. 1 which selec- 
tively applies electrical energy to predetermined ones 
of the sections between the frequency routers so that 
unwanted frequencies in the input stream to the de- 
vice of FIG. 1 may be suppressed and one or more de- 55 
sired frequencies may be obtained from the output of 
the device of FIG. 1. As shown in FIG. 3, the filter 12 
in FIG. 1 is dimensioned to give high resolution pass- 
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bands separated by a frequency interval AF. There 
are periodic sets of such passbands identified as free 
space regions FSR in FIG. 3. Each of the sets of pass- 
bands comprises N passbands. The sets of pass- 
bands are thus spaced by an FSR of NAF. These sets 
of passbands have the same routing properties 
through the filter 12. 

The filter of FIG. 1 also includes a low resolution 
filter 13 which comprises an input waveguide 28 con- 
nected to a 1xN input frequency routing device 30. 
The device 30 has IM output ports connected to re- 
spective ones of waveguides 32 1t 32 2 , .... 32 N . The 

waveguides 32 1( 32 2 32 N are connected to one 

side of each of a plurality of optical amplifiers 34 1f 
342, .... 34 N . The other side of each optical amplifier 
is connected to a respective one of a plurality of wa- 
veguides 36! , 362 36 N which are, in turn, connect- 
ed to respective input ports of an Nx1 output frequen- 
cy routing device 38. A single output port of the fre- 
quency routing device 38 is connected to the wave- 
guide 14 which thus directs the output of the low re- 
solution filter 1 3 to the input of the high resolution fil- 
ter 12. The tow resolution filter 13 operates in a man- 
ner similar to that of high resolution filter 12. It takes 
a plurality of multiplexed input frequencies received 
on waveguide 28 and produces a subset of those mul- 
tiplexed frequencies within one free spectral range of 
the high resolution filter 1 2 on waveguide 1 4 depend- 
ing upon which one of the optical amplifiers 34 1f 

342 34 N is activated by a gate control circuit 40. 

The low resolution f i Iter 1 3 is dimensioned to give low 
resolution passbands separated by a frequency inter- 
val of NAF, as shown in FIG. 3. Each one of the low 
resolution passbands overlaps one of the set of pass- 
bands FSR associated with the high resolution filter 
12, as also illustrated in FIG. 3. There are thus N high 
resolution passbands within a single low resolution 
passband associated with the filter 13. 

Activation of the I th gate of the high resolution fil- 
ter 1 2 and the j" 1 gate of the low resolution filter 1 3 se- 
lects the (i*)] high resolution passband, as shown in 
FIG. 4, between the input and the output of the filter 
of FIG. 1 . For example, if it is desired that the filter of 
FIG. 1 be tuned to a frequency within a passband giv- 
en a reference number 28 in FIG. 3, then the optical 
amplifier 34] is biased by the gate control circuit 40 
and the others of the optical amplifiers between the 
frequency routing devices 30 and 38 are unbiased so 
as to select the p passband associated with the low 
resolution filter 13. Also, the optical amplifier I82 is 
biased by the gate control circuit 26 with the other 
optical amplifiers between the frequency routing de- 
vices 12 and 22 left unbiased in order to tune the filter 
of FIG. 1 to a frequency within the passband num- 
bered 28 in FIG. 3. If it is the desired to tune the filter 
of FIG. 1 to a different frequency in a passband, such 
as passband numbered 29 in FIG. 3, associated with 
the high resolution filter 12, but in a different FSR, 
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then the optical amplifier between frequency routing 
devices 30 and 38 which selects the appropriate low 
resolution passband overlapping the desired FSR as- 
sociated with the high resolution filter 12 is activated 
and the others of those optical amplifiers are kept un- 
biased. If it is desired to tune the filter of FIG. 1 to a 
different passband associated with the high resolu- 
tion filter 12, but within the same FSR, such as the 
passband numbered 29 in FIG. 3, then the single ac- 
tivated amplifier between the frequency routing de- 
vices 12 and 22 is changed as appropriate. The acti- 
vation of the amplifiers between the devices 30 and 
38 is left unchanged. 

Tuning is done digitally by means of electrical 
switching. It is expected to be very stable and can be 
made to switch at nanosecond speeds by using a fast 
electrical switch. Such a filter in front of a convention- 
al direct detection optical filter provides a means to 
realize an optical receiver tunable over a 
wide.frequency range. 

Each optical amplifier in the device of FIG. 1 com- 
prises a doped section of waveguide with controllable 
optical transmissivity. The doping may be such that 
an appropriately configured semiconductor junction 
is defined in each optical amplifier. These sections 
are optically active in that application of electrical en- 
ergy to those sections will cause them to become 
transmissive to the flow of optical energy and will 
even provide some degree of gain to optical signals 
flowing through them. These doped sections of wave- 
guide are substantially opaque to the transmission of 
light when there is no applied electrical stimulation. 
The specially doped sections thus may be considered 
to be gates or optical amplifiers depending upon 
whether or not they are excited with electrical energy. 
The details of creating such sections in a wafer such 
as the indium phosphide wafer 1 0 shown in FIG. 1 are 
generally known, are not a part of this invention, and 
thus are not described here. 

FIG. 2 shows the pertinent details of an example 
of a routing devices 12, 22, 30, and 38 shown in FIG. 
1 . Each frequency routing device contains a plurality 
of input waveguides 26 connected to a free space re- 
gion 28. A plurality of output waveguides 30 extends 
from the free space region 28 and is connected to an 
optical grating 32. The optical grating 32 comprises 
a plurality of unequal length waveguides which pro- 
vides a predetermined amount of path length differ- 
ence between the output waveguides 30 and a cor- 
responding plurality of input waveguides 34 connect- 
ed to anotherf ree space region 36. The free space re- 
gion 36 is connected to a plurality of output wave- 
guides 38. These frequency routing devices operate 
as different optical frequencies used in high speed, 
high capacity optical communications networks. For 
example, frequency routing devices with N up to 32 
or more may be conveniently fabricated on a single 
semiconductive wafer. This results in a filter which 



can be tuned to any of up to 32 2 or more optical fre- 
quencies. For example, assuming high and low reso- 
lution filters designed to give respective high and low 
resolution passbands separated by 50 GHz and 800 

5 GHz, respectively, the device of FIG. 1 can be tuned 
to at least 256 discrete frequencies over a tuning 
range of 12,800 GHz (about 100 nm around a wave- 
length of 1.5 microns). The tuning range in this case 
is limited not by the size of the frequency routing de- 

10 vices but by the gain bandwidth of an active semicon- 
ductor medium. Devices such as the filter in FIG. 1 
are attractive for large size optical network applica- 
tions based on frequency division multiplexing. 

15 

Claims 

1. A tunable optical filter, comprising: 

a first optical filter having a first frequency 
20 resolution formed in a semiconductive wafer; and 

a second optical filter having a second fre- 
quency resolution formed in the semiconductive 
wafer in series with the first optical filter. 

25 2. The optical filter of claim 1, in which the first re- 
solution is greater than the second resolution. 

3. The optical filter of claim 1, in which each optical 
filter comprises an input frequency routing de- 

30 vice in series with an output frequency routing de- 

vice. 

4. The optical filter of claim 3 in which each input 
frequency routing device is capable of receiving 

35 a multiplexed plurality of optical frequencies on 

an input waveguide and routing each frequency 
to a respective one of a plurality of output wave- 
guides. 

40 5. The optical filter of claim 3 in which each output 
frequency routing device is capable of receiving 
a single optical frequency on each of a plurality 
of input waveguides and multiplexing those opti- 
cal frequencies onto a single output waveguide. 

45 

6. The optical filter of claim 1, further comprising: 

a plurality of waveguides connecting a 
plurality of outputs from each of the input fre- 
quency routing devices to a plurality of inputs of 
so each of the output frequency routing devices; 

each of the plurality of waveguides com- 
prising a controllably transmissive section. 

7. The optical filter of claim 6, further comprising: 
55 a control circuit for selectively applying 

electrical energy to a predetermined one or more 
of the controllably transmissive sections fortun- 
ing the optical filter to a predetermined one or 
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more of the plurality of multiplexed optical fre- 
quencies received by the input frequency routing 
device. 

8. The optical filter of claim 3, in which each of the 5 
input frequency routing devices comprises: 

at least one input waveguide; 

a first free space region connected to the 
at least one input waveguide; 

a plurality of output waveguides connect- 10 
ed to the first free space region; 

an optical grating connected to the plural- 
ity of output waveguides comprising a plurality of 
unequal length waveguides; 

a plurality of input waveguides connected is 
to the optical grating; 

a second free space region connected to 
the plurality of input waveguides connected to the 
optical grating; and 

a plurality of output waveguides connect- 20 
ed to the second free space region. 

9. The optical filter of claim 3, in which each of the 
output frequency routing devices comprises: 

a plurality of input waveguides; 25 

a first free space region connected to the 
plurality of input waveguides; 

a plurality of output waveguides connect- 
ed to the first free space region; 

an optical grating connected to the plural- 30 
ity of output waveguides comprising a plurality of 
unequal length waveguides; 

a plurality of input waveguides connected 
to the optical grating; 

a second free space region connected to 35 
the plurality of input waveguides connected to the 
optical grating; and 

at least one output waveguide connected 
to the second free space region. 

40 
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